Abstract Capacitative calcium entry (CCE) is the process by which intracellular calcium is replenished from the external milieu upon depletion of intracellular stores. CCE is thought to participate in chemotaxis, proliferation and cell signalling. A physical interaction between intracellular stores and the plasma membrane is postulated to regulate CCE. We hypothesized that cytoskeletal disruption alters this interaction, inhibiting CCE in enteric glia. Cultured myenteric glia from neonatal guinea-pigs were treated with cytochalasin D (10 lmol L )1 ), a microfilament disrupting agent, nocodazole (20 lmol L )1 ), a microtubule disrupting agent, or vehicle (dimethyl sulphoxide). Intracellular calcium changes were measured using fura-2 microfluorimetry. To evaluate the rate of cation re-entry, barium was substituted for calcium because barium is not sequestered internally. Cytochalasin D-treated glia had diminished CCE responses (57 ± 3 nmol L )1 ) compared with controls (97 ± 7 nmol L )1 ) as did nocodazole-treated glia (30 ± 2 nmol L )1 ) vs controls (77 ± 6 nmol L )1 ). The proportion of cells demonstrating CCE abolition was greater in the cytochalasin (50 ± 8%) and nocodazole-treated (89 ± 2%) groups compared with controls (21 ± 2%, 40 ± 9%, respectively). Cytochalasin D and nocodazole treatment diminished the rate of cation re-entry based on diminished barium entry in treated vs control cells. From this study, we conclude that disruption of cytoskeletal elements diminishes calcium influx essential to calcium store repletion in myenteric glia.
INTRODUCTION
The enteric nervous system (ENS) is a major regulator of gastrointestinal function with a diversity of control ranging from regulation of blood flow to motility. The ENS spans the length of the gastrointestinal tract and is situated between the muscular layers of the gut. Two major cell types comprise the ENS, neurones and glial cells. Glia have long been regarded to serve predominantly adjunctive roles in support of neurones within the ENS. A growing body of evidence, however, suggests that glia have an important role within the ENS environment. 1 Ruhl et al. have demonstrated that cultured myenteric glia are responsive to interleukin-1b by producing interleukin-6. 2 Maudlej and Hanani showed dye coupling among enteric glia. 3 Studies from our laboratory have shown that within the ENS, myenteric glia participate in intercellular communication amongst glial cells via calcium wave propagation. 4 Preliminary data from these ongoing studies also suggests the propagation of waves between enteric neurones and glia (Zhang et al.) . We postulate that the ability of myenteric glia to respond to molecules through established signal transduction pathways may be essential to the functionality of the ENS. Previous work from our laboratory has demonstrated that enteric glia are responsive to a number of neuroligands including adenosine triphosphate (ATP), bradykinin, histamine and endothelin through calcium signalling. 5, 6 Enteric glia demonstrate capacitative calcium entry (CCE), a component of cellular calcium regulation, first proposed by Putney. 7, 8 In CCE, intracellular calcium is replenished by calcium entry from the extracellular milieu upon intracellular calcium store depletion. CCE has been demonstrated in numerous cells types and is regarded to be characteristic of predominantly non-excitable cells. CCE is postulated to participate in processes as disparate as signal transduction, chemotaxis, and proliferation, possibly through the ability to sustain agonist-induced calcium transients or calcium oscillations. 9, 10 The mechanism by which calcium entry is stimulated by the depletion of intracellular calcium stores has been the focus of intense investigation. 11 Proposed mechanisms of CCE include: a diffusible signalling molecule, transport of a CCE channel to the plasma membrane after store depletion, gating of plasma membrane-based CCE channels by localized calcium concentration gradients, and physical coupling between the intracellular calcium storage organelle and plasma membrane calcium channels. 12 The last, Ôconforma-tional couplingÕ model, has been the focus of a number of recent studies. Delmas et al. showed that disruption of the actin cytoskeleton resulted in a loss of coupling between a plasma membrane bradykinin receptor and the IP3 receptor, causing inactivation of Trp, a potential CCE channel. 13 Other studies involving disruption of protein-protein interactions between the calcium storage organelle and the plasma membrane by destabilizing cytoskeletal elements (microfilaments and microtubules) have yielded conflicting results. 14, 15 The potential relationship of the cellular cytoskeletal architecture to the mechanisms of CCE in enteric glia has not been reported. We sought to investigate the role of the cytoskeleton in the regulation of CCE in enteric glia by pharmacological disruption of actin microfilaments with cytochalasin D or tubulin microtubules with nocodazole. The results of this study demonstrate that the cytoskeleton is integral to CCE regulation in enteric glia.
MATERIALS AND METHODS

Materials
Fura-2 acetoxymethyl ester (fura-2/AM), fura-2 free acid, Alexa Fluor Ò 488 phalloidin, and 4¢,6-diamidino- 
Cultures of myenteric glia
Dispersed primary cultures of guinea-pig myenteric glia were prepared on collagen-coated coverslips and used for experiments within 5-8 days. In brief, the taenia coli from 2-day-old male Duncan-Hartley guinea-pigs were removed from the caecum and placed in Hank's balanced salt solution plus 0.1% collagenase (type IV) for 16-20 h at 4°C. After 35-min incubation at 37°C, the myenteric plexus of the taenia coli was separated from the investing muscle layers under a dissecting microscope. The plexus was incubated for 30 min at 37°C using trypsin-EDTA (0.5 g/L trypsin, 0.5 mmol L were removed as they form insoluble salts with barium.
Cytoskeletal disruption
To investigate the effect of cytoskeletal disruption on CCE regulation, cytochalasin
) was added to culture media to disrupt actin microfilaments and tubulin microtubules, respectively. 15, 16 
Loading and cell preparation for imaging
Treated and control glia were incubated at 37°C in fresh warmed media containing 0.5 lmol L )1 fura-2-AM for 45 min following treatment. Loaded coverslips were washed, resuspended in calcium control buffer, and placed in a Lucite superfusion chamber on a warmed (37°C) microscope stage. In all experiments, the rate of superfusion was constant at 1 mL min )1 and maintained at 37°C.
Intracellular calcium measurement
Single-cell intracellular calcium measurements were performed on treated and control glia using fura- was performed with the two-point standardization equation using fura-2-free acid: To elicit CCE, a standardized protocol was utilized. 5, 7 All cells were initially exposed to calcium control buffer and then placed in calcium-free buffer containing EGTA. Cells were exposed to ATP (100 lmol L )1
), a known IP3-mediated calciummobilizing agonist, in the absence of calcium for 200 s, followed by calcium-free buffer containing EGTA. 6 Calcium was then returned to the extracellular environment for the remainder of the experiment.
In a separate group of experiments, barium (4 mmol L ) was substituted for calcium to characterize ion entry into glial cells after treatment with vehicle, cytochalasin D, or nocodazole. Barium ions cause fura-2 fluorescence ratio changes in a similar manner to calcium ions. Barium, in contrast to calcium, cannot be sequestered in internal stores and thus is representative of cation entry from extracellular sources. 7 In these experiments, the imaging system was not calibrated and the data were recorded as the ratio of F 334 to F 380 .
Fluorescence microscopy
Primary glial cells grown on coverslips treated for the respective times with vehicle, cytochalasin D (10 lmol
) were fixed in 4% para-formaldehyde in phosphate-buffered saline (PBS) at 4°C, washed twice in PBS, then permeabilized with 0.1% Triton X-100 for 5 min at room temperature. To define the actin microfilaments in control and cytochalasin D-treated cells, Alexa Fluor Ò 488 phalloidin (Molecular Probes Eugene, OR, USA) was used. Phalloidin, derived from the Amanita phalloides mushroom, binds competitively to F-actin and acts as a specific F-actin probe. This probe has been used to specifically stain F-actin in a study by Yamamoto and Kiss. 17 In accordance with the manufacturer's staining protocol, a 1 : 40 dilution of Alexa Fluor Ò 488 phalloidin was used to stain microfilaments. To reduce nonspecific staining, 1% bovine serum albumin (BSA) was added to the staining solution. Coverslips were stained for 20 min at room temperature and subsequently washed at least twice with PBS. For microtubule staining, a monoclonal antibody against b-tubulin was employed (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) in analogy to similar probes used to specifically stain b-tubulin. 15, 18 Fixed control and nocodazole-treated cells were incubated in 10% normal blocking serum made with goat normal serum (Vector Laboratories, Burlingame, CA, USA) for 20 min at room temperature to suppress non-specific binding. 
RESULTS
Enteric glia are responsive to ATP and demonstrate CCE Enteric glia have been shown from previous work to be responsive to ATP with mobilization of internal calcium stores through an IP3-mediated pathway, inducing capacitative entry when calcium is returned to the external environment. 5, 7 We used this established protocol as the basis for the experiments in this study. Cultured glia were exposed to 100 lmol L )1
ATP, prepared in calcium-free buffer, for 200 s to induce release of calcium from intracellular stores.
[Ca 2+ ] i was allowed to return to basal levels subsequent to the agonist-induced calcium transient. Cells were returned to calcium-free buffer and then extracellular calcium was reintroduced into the perfusion with control calcium buffer. Fig. 1 is a representative tracing of a single control glial cell typical of this protocol. We used ATP in this investigation based on previous work performed in our laboratory by Kimball and Mulholland. 6 In our experience, ATP consistently elicits an increase in intracellular calcium concentration in nearly 100% of cells whereas bradykinin has been shown to elicit an increase in intracellular calcium concentration in only 11% of cultured myenteric glia. 6 Hence, we believe that the use of ATP over studying as many responsive glia as possible in our assays.
Morphological changes in myenteric glia following cytoskeletal disruption
To examine the effect of altering the cytoskeleton of myenteric glia on CCE, actin microfilaments were disrupted using cytochalasin D. Cytochalasin D is an alkaloid produced by Helminthosporium and other moulds which acts to destabilize F-actin by binding to G-actin, the monomeric form of actin, thus creating a state of G-actin depletion. As turnover and re-polymerization are constantly occurring within cells, existing F-actin depolymerizes as the effective concentration of free G-actin becomes limiting.
14 Glial cells
were pretreated with 10 lmol L )1 cytochalasin D for 40 min at 37°C. Control glia were incubated with an equal volume of vehicle, DMSO, under the same conditions. Both groups were examined with phase contrast microscopy as shown in Fig. 2 . Control glia were round-shaped with comparable nuclear and cytoplasmic volumes (Fig. 2C) . In contrast, cytochalasin D-treated glia were spiculated and condensed with loss of significant amounts of cytoplasmic volume (Fig. 2D) . The cytoskeletal disruption was more clearly defined with fluorescent staining of F-actin with Alexa Fluor Ò 488 phalloidin (Fig. 3) .
The microtubule cytoskeletal network was similarly investigated using nocodazole, which binds to b-tubulin and induces microtubule depolymerization. 16 Glial cells were pretreated with 20 lmol L )1 nocodazole for 120 min at 37°C. Control glia were incubated with an equal volume of vehicle, DMSO, under the same conditions. Immunocytochemical staining with anti-b-tubulin antibody revealed the microtubule organization in control cells. Staining appeared more sparse and perinuclear in nocodazoletreated glia compared with vehicle-treated controls (Fig. 4) .
Effect of cytochalasin D on enteric glial CCE
To discern whether cytochalasin D has a dose-dependent effect on glial CCE, increasing doses of cytochalasin D (0.1, 1, 10 lmol L )1 ) were used to treat glia for 40 min at 37°C. Evidence of cytoskeletal disruption was assessed by light microscopy (data not shown).
Control cells treated with vehicle were examined in 
) and 54.29 ± 3 nmol L )1 (10 lmol L )1 ).
Although there appeared to be a qualitative dosedependent decrease in CCE by cytochalasin D treatment, statistical significance was achieved only in the 10 lmol L )1 group (P < 0.01 vs control).
Given these findings, we pursued the effect on CCE by disruption of actin microfilaments using 10 lmol L , n ¼ 111 cells, P < 0.01) (Fig. 6A,B) . As mentioned earlier, inhibition of the CCE response was arbitrarily defined as a change in calcium entry of <50 nmol L ) 1 . Determination of the number of cells examined meeting this criteria revealed the proportion of cells demonstrating CCE inhibition in the cytochalasin D-treated (10 lmol L )1 ) group (50 ± 8%, n ¼ 6 separate culture preparations) was significantly greater than the proportion of cells demonstrating CCE inhibition in the control group (21 ± 2%, n ¼ 3 separate culture preparations, P < 0.05) (Fig. 6C) .
Effect of nocodazole on enteric glial CCE
To discern whether nocodazole exhibits a dose-dependent effect on glial CCE, increasing doses of nocodazole (1, 10, 20 lmol L )1 ) were used to treat glia for 120 min at 37°C. Evidence of cytoskeletal disruption was assessed by light microscopy (data not shown). Control cells treated with vehicle were examined in parallel. Intracellular calcium levels were measured. The change in calcium influx in control vs nocodazole-treated glia is shown in Fig. 7 . Control cells had D calcium due to CCE of 63.9 ± 4 nmol L )1 whereas nocodazole treatment
) and 25.8 ± 2 nmol L , ANOVA *P < 0.01 vs control). More than 50 cells were examined in each control and treatment group from at least three separate culture preparations. , n ¼ 118 cells, P < 0.01) (Fig. 8A,B) . The proportion of cells exhibiting CCE inhibition was significantly greater in the nocodazole-treated group (89 ± 2%, n ¼ 4 separate 
, ANOVA *P < 0.01 vs control), and 25.8 ± 2 nmol L )1 (20 lmol L )1 , ANOVA *P < 0.01 vs control). More than 50 cells were examined in each control and treatment group from at least three separate culture preparations.
Ó 2003 Blackwell Publishing Ltd culture preparations) compared with control (40 ± 9%, n ¼ 4 separate culture preparations, P < 0.05) (Fig. 8C) .
Rate of cation entry is altered by cytoskeletal disruption
Barium was used in a separate group of experiments to examine cation entry from the external environment.
These studies were carried out in separate experimental runs from at least three separate culture preparations. Barium, unlike calcium, cannot be sequestered intracellularly but shares the ability to interact with fura-2, making it a marker solely of cation influx. After depletion of intracellular calcium stores with ATP in the absence of extracellular calcium, barium was introduced to the perfusing medium for an interval of 250 s. Barium more rapidly accumulated in control (11.2 ± 0.6 AU (arbitrary units), n ¼ 97 cells) compared with cytochalasin D-treated cells (5.9 ± 0.5 AU, n ¼ 108 cells, P < 0.01) (Fig. 9A) . In addition, barium accumulated more rapidly in control (9.3 ± 1.5 AU, n ¼ 43 cells) compared with nocodazole-treated cells (2.9 ± 0.4 AU, n ¼ 30 cells, P < 0.01) (Fig. 9B ).
DISCUSSION
The enteric nervous system has a major role in regulating the local gastrointestinal environment. 1 Although the effector cells of the ENS have been believed to be solely gut neurones, recent work has shifted attention towards enteric glia. In this study, we demonstrate that calcium signalling in cultured enteric glia is modulated by cytoskeletal elements, microfilaments and microtubules. Our findings suggest that CCE is dependent, in part, on an intact cytoarchitecture. Enteric glia undergo distinct morphological changes with disruption of microfilaments and microtubules as assessed by light and fluorescent microscopy. The doses of cytochalasin D and nocodazole and incubating conditions are in concert with the ranges employed in a number of recent studies. 10, 14, 15, 19 These architectural changes did not affect measured basal fura-2 microfluorimetry. The results of the studies using barium as a marker exclusively for cation entry suggest that the inhibition of calcium influx following cytoskeletal disruption with cytochalasin D and nocodazole is due to a decreased rate of influx possibly attributable to structurally-dependent entry kinetics.
The cytoskeleton is a complex network composed of microfilaments, microtubules, and intermediate filaments. The cytoskeleton acts as an elastic mechanical conduit through which information and stimuli can be transmitted to the cell interior.
Recent work in cultured vascular smooth muscle cells demonstrated the existence of mechanically (stretch)-sensitive intracellular calcium stores insensitive to IP3 and potentially mediated through cytoskeletal elements. 19 Cyclical stretch produced increases in intracellular calcium, which were inhibited by pretreatment with cytochalasin D but not by nocodazole. 19 Studies in cultured rat astrocytes undergoing mechanical stimulation to evoke increases in intracellular calcium levels were attributed to an autocrine release of ATP and subsequent activation of the phopholipase C/IP3 pathway of calcium release. 20 The authors postulate that mechanical stimulation induces the release of ATP through deformation of cytoskeletal elements. 20 A review by Janmey details the effects of the cytoskeleton on cellular functions, including the regulation of transmembrane ion fluxes. 21 Cytoskeletal regulation of ion flux has been proposed to occur via transduction of mechanical stress at the plasma membrane to membrane-localized ion channels. Membrane deformation may open or close these channels. This construct is consistent with the blunted CCE response demonstrated in our experiments as the disrupted cytoskeletal elements may alter signalling to membrane-based calcium channels. The possibility exists that mechanical stimulation via the continuous flow of the perfusion apparatus may contribute to cellular calcium signalling processes in myenteric glia. However, the rate of flow was constant and unchangeable in the current system; thus, the fixed rate of flow would likely supply a uniform stimulus in both treated and control groups. Similar initial basal calcium levels between control and treatment groups support a minimal or uniformly applied effect on glia from the perfusion system. Numerous models have been proposed to explain CCE. The conformational coupling model, in which protein-protein interactions facilitate signal transduction from the intracellular calcium storage organelle and the plasma membrane calcium channel, has been the most widely investigated. The present study suggests that cytoskeletal scaffolding of polymerized molecules of actin and tubulin mediate a key portion of the transduction mechanism involved in signalling intracellular calcium depletion to the plasma membrane in myenteric glia. However, controversy exists regarding the role of the cytoskeleton in CCE. Blatter and Holda reported that in vascular endothelial cells cytoskeletal disruption with cytochalasin D obliterated CCE, while ATP-evoked calcium transients remained unchanged.
14 Their results support a conformational coupling model of CCE, either through physical proximity of the plasma membrane and the endoplasmic reticulum or through transduction of information through intact microfilaments. In contrast, in NIH 3T3 cells, Ribeiro found that cytoskeletal disruption abolished only agonist-induced calcium release, while the CCE response was unaffected. 15 The investigators concluded that abolition of agonist-induced calcium mobilization was based on an altered spatial relationship between phospholipase C and IP3 receptors, while CCE was mediated by a diffusible messenger. 15 Most recently, in cultured vascular endothelial cells, capacitative calcium entry was found to require both IP3 receptor binding as well as an intact actin cytoskeleton. 22 In astrocytes, Sergeeva has shown that cytoskeletal disruption with cytochalasin D attenuates cell calcium oscillations in response to ATP. 10 This alteration in calcium signalling was attributed to a diminished CCE response in treated cells, which interfered with the refilling of intracellular calcium stores required for oscillations. Patterson proposed a dynamic secretionlike coupling model regulating CCE in DDT 1 MF-2 and A7r5 cells. 23 In that study, a subcortical layer of Factin was chemically induced using both Calyculin A, a phosphatase inhibitor, and jasplakinolide, a membrane-permeant peptide. A peripherally-located ring of F-actin was reorganized subjacent to the plasma membrane with these agents. CCE was inhibited in treated cells but was restored after incubation with cytochalasin D in the Calyculin A-treated group. The authors proposed that instead of a static cytoskeletal architecture permanently coupling the endoplasmic reticulum (ER) to the plasma membrane, a dynamic, reversible scaffolding acts as the mediator between these structures. 23 Rosado, in work performed on human platelets, similarly proposed that reversible trafficking in a manner akin to vesicle transport between the ER and plasma membrane is involved in CCE. 24 The distinct and sometimes conflicting findings in the investigation of CCE from the present study and in other published studies may in part lie in the differential distribution and content of cytoskeletal elements amongst different cell types and species. Furthermore, a given cell type may have a greater or lower dependence on the cytoskeleton to convey calcium signals compared with other cell types. Finally, the redundancy of nature suggests that multiple pathways may coexist to regulate such a vitally important biological mediator as calcium.
The results of our study demonstrate that enteric glial calcium signalling is dependent on an intact microfilament and microtubule cytoskeleton. In concert with the findings of other investigations into the role of the cytoskeleton in CCE in a diversity of cell types, we conclude that the cytoskeleton plays an integral role in communicating the state of intracellular calcium stores to facilitate their replenishment from the external environment. 11, 12, 14, 22, 24 Hence, in myenteric glia, the cytoskeleton physically couples the plasma membrane and endoplasmic reticulum to facilitate calcium store repletion.
